Background: TEM-1 ␤-lactamase hydrolyzes penicillins and early cephalosporins but not oxyimino-cephalosporins. Results: A TEM-1 triple mutant, W165Y/E166Y/P167G, exhibits ceftazidime hydrolysis and a large active site conformational change.
␤-Lactamases are bacterial enzymes that hydrolyze ␤-lactam antibiotics. TEM-1 is a prevalent plasmid-encoded ␤-lactamase in Gram-negative bacteria that efficiently catalyzes the hydrolysis of penicillins and early cephalosporins but not oxyiminocephalosporins. A previous random mutagenesis study identified a W165Y/E166Y/P167G triple mutant that displays greatly altered substrate specificity with increased activity for the oxyimino-cephalosporin, ceftazidime, and decreased activity toward all other ␤-lactams tested. Surprisingly, this mutant lacks the conserved Glu-166 residue critical for enzyme function. Ceftazidime contains a large, bulky side chain that does not fit optimally in the wild-type TEM-1 active site. Therefore, it was hypothesized that the substitutions in the mutant expand the binding site in the enzyme. To investigate structural changes and address whether there is an enlargement in the active site, the crystal structure of the triple mutant was solved to 1.44 Å . The structure reveals a large conformational change of the active site ⍀-loop structure to create additional space for the ceftazidime side chain. The position of the hydroxyl group of Tyr-166 and an observed shift in the pH profile of the triple mutant suggests that Tyr-166 participates in the hydrolytic mechanism of the enzyme. These findings indicate that the highly conserved Glu-166 residue can be substituted in the mechanism of serine ␤-lactamases. The results reveal that the robustness of the overall ␤-lactamase fold coupled with the plas-ticity of an active site loop facilitates the evolution of enzyme specificity and mechanism.
An important mechanism of bacterial antibiotic resistance is the production of ␤-lactamases that catalyze the hydrolysis of ␤-lactam antibiotics (1) . ␤-Lactamases are divided into four classes (A, B, C, and D) based on the sequence homology and mechanism of hydrolysis (2) . Class A, C, and D ␤-lactamases utilize an active site serine residue to hydrolyze the antibiotics, whereas Class B includes metallo-␤-lactamases that utilize one or two Zn 2ϩ ions to stabilize and position an hydroxide ion to attack the ␤-lactam ring (2) (3) (4) (5) .
Class A ␤-lactamases share a common catalytic mechanism for the hydrolysis of ␤-lactam antibiotics that involves several highly conserved structural elements. Activation of the catalytic Ser-70 hydroxyl group initiates nucleophilic attack on the ␤-lactam carbonyl carbon and opening of the ␤-lactam ring to form a covalently linked acyl-enzyme intermediate. The subsequent nucleophilic attack by an activated catalytic water molecule leads to deacylation of the acyl-enzyme species, release of the inactivated antibiotic, and regeneration of the free enzyme (6, 7) .
TEM-1 ␤-lactamase is a plasmid-encoded, class A enzyme with high catalytic efficiency (k cat/ K m ) for the hydrolysis of penicillins and early cephalosporins but not oxyimino-cephalosporins such as ceftazidime (8, 9) . The extensive use of oxyimino-cephalosporins has led to the emergence of variants of TEM-1 that can more efficiently hydrolyze these drugs. These enzymes, termed extended spectrum ␤-lactamases, typically contain 1-5 amino acid substitutions that change the substrate profile of the enzyme. Over 200 unique variants of the TEM-1 enzyme have been identified (8 -10) .
TEM-1 ␤-lactamase is a 29-kDa enzyme and consists of one ␣ and one ␣/␤ domain with the active site cavity located in a groove between the two domains (11, 12) . The catalytic serine, Ser-70, is located on a helix (H2) along with Lys-73, which is proposed to participate, along with Glu-166 and an activated water molecule, to catalyze the initial acylation step (13, 14) . A second active site serine residue, Ser-130, is located in the SDN loop and may participate in catalysis by shuttling a proton to the amide nitrogen during or after disruption of the amide bond (5, 15) . Glu-166 is located in a ⍀-loop structure forming the bottom edge of the active site (residues 164 -179) and is considered essential as a general base in activating the catalytic water molecule in the deacylation step (11, 16, 17) .
The active site ⍀-loop is an important element of TEM-1 ␤-lactamase structure and function. Several different substitutions within the ⍀-loop have been identified in TEM-1 variants that hydrolyze oxyimino-cephalosporins (18 -20) . These substitutions have been proposed to increase the flexibility of the ⍀-loop, leading to enlargement of the active site pocket to accommodate newer ␤-lactams and their bulkier side groups (19, 20) . In contrast to other residues in the ⍀-loop, residue Glu-166 is conserved in all class A enzymes, and substitutions at this position result in slower rates of acylation and very slow rates of deacylation, leading to the accumulation of the acylenzyme intermediate (11, 16, 17) .
Previous random mutagenesis studies of the ⍀-loop region of TEM-1 identified a triple mutant, W165Y/E166Y/P167G, with a drastically altered substrate profile including increased activity for the oxyimino-cephalosporin, ceftazidime, and decreased activity for all other ␤-lactams tested (21) . This mutant is particularly interesting because the conserved Glu-166 residue is substituted with tyrosine. In a subsequent study, the role of each individual position in the triple mutant was evaluated with respect to enzyme expression levels and in vivo activity (22) . Increased antibiotic resistance levels conferred to Escherichia coli containing the mutant enzymes suggested that the individual substitutions act additively to increase hydrolysis of ceftazidime. Detailed biochemical characterization, however, was not performed (22) .
To test the hypothesis that the active site is expanded in the triple mutant and that Tyr-166 is substituting for glutamate as a catalytic residue, biochemical and structural characterization was performed. The results indicate that the W165Y/E166Y/ P167G enzyme exhibits a large change in the conformation of the ⍀-loop compared with wild-type TEM-1, creating more space in the active site to facilitate ceftazidime hydrolysis. In addition, the results suggest that the hydroxyl group of Tyr-166 functions catalytically in the mechanism of hydrolysis by the triple mutant. The changes in conformation and mechanism of hydrolysis highlight the evolvability of the TEM-1 enzyme because of the robustness of the overall fold and the plasticity of the ⍀-loop structure.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis PCR-The amino acid substitutions E166Y, P167G, E166Y/P167G, and W165Y/E166Y/ P167G were introduced in the pET24a plasmid encoding TEM-1 ␤-lactamase by site-directed mutagenesis using the following primers: 165 YYG 167 , 5Ј-GTAACTCGCCTTGATCGT-TATTACGGGGAGCTGAATGAAGCATACC-3Ј; 166 YG 167 ,  5Ј-GTAACTCGCCTTGATCGTTGGTACGGGGAGCTGA-ATGAAGCCATACC-3Ј; E166Y, 5Ј-GTAACTCGCCTTGAT-CGTTGGTACCCGGAGCTGAATGAAGCCATACC-3Ј;  P167G, 5Ј-GTAACTCGCCTTGATCGTTGGGAAGGGGA-GCTGAATGAAGCCATACC-3Ј; S70G: 165 YYG 167 , 5Ј-CGTT-TTCCAATGGGCACTTTTAAAGTTCTG-3Ј; and 165 YFG 167 ,  5Ј-GTAACTCGCCTTGATCGTTATTTCGGGGAGCTGA-ATGAAGCCATACC-3Ј . The primers were phosphorylated with T4 polynucleotide kinase, and QuikChange PCR was performed with Phusion DNA polymerase (New England Biolabs, Ipswich, MA) according to the manufacturer's guidelines. DNA sequencing of the entire bla TEM gene of each mutant was performed to ensure the absence of extraneous mutations. Plasmid DNA of confirmed mutants was transformed into E. coli BL21(DE3) cells.
Protein Expression and Purification-Wild-type TEM-1 ␤-lactamase and designated mutants were expressed in E. coli BL21(DE3) cells as described previously (23) . In brief, cells were grown in 250 ml of LB broth containing 300 mM sorbitol, 2.5 mM betaine, and 30 g/ml kanamycin to an A 600 of 0.6 -0.8 before induction with 0.4 mM isopropyl ␤-D-thiogalactopyranoside. The culture was then grown at 23°C for 18 -20 h with shaking. Cell pellets were obtained by centrifugation, and the culture supernatant was dialyzed overnight at 4°C against buffer containing 0.1 M sodium acetate and 0.4 M sodium chloride at pH 8.0. Proteins were purified to ϳ95% homogeneity using a zinc-chelating column eluted with a pH gradient, as previously described (24 -27) . Purity was determined by SDS-PAGE, and protein fractions were concentrated with Amicon centrifugal filters with a 10-kDa cutoff (Millipore Merck KGaA, Darmstadt, Germany). Protein concentrations were determined using the Bio-Rad Bradford protein assay reagent with a standard curve that was calibrated using wild-type TEM-1 ␤-lactamase whose concentration was determined by amino acid analysis. The TEM-1 W165Y/E166Y/P167G/L201P mutant was further purified to Ϸ99% homogeneity, judged by SDS-PAGE, using size exclusion chromatography in 25 mM HEPES buffer (pH 7.0) and 25 mM NaCl for crystallographic studies.
Enzyme Kinetics-Assays were performed at 30°C in 50 mM sodium phosphate buffer, pH 7.2, as previously described (27) . A DU800 spectrophotometer was utilized to monitor substrate hydrolysis at wavelengths 235 nm for ampicillin (⌬⑀ ϭ Ϫ900 M Ϫ1 cm Ϫ1 ), 260 nm for ceftazidime (⌬⑀ ϭ Ϫ10,500 M Ϫ1 cm Ϫ1 ), and cefotaxime (⌬⑀ ϭ Ϫ7,600 M Ϫ1 cm Ϫ1 ), 262 nm for cephalothin (⌬⑀ ϭ Ϫ7,960 M Ϫ1 cm Ϫ1 ), and 482 nm for nitrocefin (⌬⑀ ϭ 20,500 M Ϫ1 cm Ϫ1 ). Enzyme kinetics data were analyzed with GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA) and fitted to the Michaelis-Menten equation. When V max determination was prevented by high K m values, the catalytic efficiency (k cat /K m ) was estimated at [S] Ͻ Ͻ K m using Equation 1 (28) .
where P is the product concentration at time t, v i is the initial velocity in the absence of enzyme inactivation, v ss is the steadystate velocity including the reversible accumulation of an inactive complex, and k is the rate constant characterizing the change. The burst amplitude was determined by extrapolation of the steady-state slope to time 0. The effect of ammonium sulfate concentration on the biphasic kinetics was also evaluated (30) . All kinetic analysis experiments were performed at least in triplicate.
Determination of the pH Profile of TEM-1 and the W165Y/ E166Y/P167G Mutant-The assay was performed as stated above (see "Enzyme Kinetics") by monitoring initial velocities of nitrocefin hydrolysis at a range of substrate concentrations and pH conditions. The buffers used for the experiment were 50 mM sodium acetate (pH 5-6), 50 mM sodium phosphate (pH 6 -7), 50 mM Tris (pH 7-9), and 50 mM CAPS (pH 9 -10.5). 3 Each buffer was supplemented with 150 mM NaCl to keep the ionic strength constant. Initial velocity data were analyzed with GraphPad Prism 6 and fitted to the Michaelis-Menten equation. The pH dependence of the steady-state parameters was fitted to double (k cat /K m and k cat ) and single (K m ) ionization model Equations 3 and 4 (13) . The experiments were done in triplicate.
ThermoFluor Assay for T m Determination-A thermal shift assay was performed using a Roche Applied Science Lightcycler 480 Real-Time PCR system (Roche Diagnostics). The assay was performed as follows: 10 l of 0.4 mg/ml of enzyme in 50 mM sodium phosphate buffer at pH 7.2 was mixed with 10 l of SYPRO dye (Invitrogen) (1:2500 dilution in 50 mM sodium phosphate buffer, pH 7.2). Data were collected using the manufacturer's software and following a standard protein denaturation program. The data were analyzed and fitted by a previously established method using the derivative of the melting curves (31) .
Crystallization of the TEM-1 W165Y/E166Y/P167G Mutant-Crystal screening was performed using commercially available crystal screens from Hampton Research (Aliso Viejo, CA) and Qiagen. The hanging drop vapor diffusion method was used with an in-house TTP LabTech Mosquito instrument (TTP Labtech Ltd., Melbourn, UK). After extensive screening (pH, buffer, concentration), no crystallization hits were identified. An alternative approach was then employed whereby a previously identified stabilizing mutation, L201P, which is known to have no effect on the kinetic profile of the enzyme, was incor-porated into the W165Y/E166Y/P167G mutant (26) . The resulting enzyme was purified as described above and screened for crystallization. This approach yielded a suitable condition that was further optimized. Crystals were grown in 240 mM tri-sodium citrate with 25% (w/v) PEG 3350 and cryoprotected with peritone/paraffin oil (70:30). A 1.44 Å data set was collected at the Advanced Light Source synchrotron beam line in Berkeley, CA. The data set was processed using iMosflm (32) as implemented in the CCP4 program suite (33) . The structure was determined by molecular replacement using MOLREP (34) with wild-type TEM-1 as a phasing model (PDB code 1BTL). Refinement was performed using phenix.refine program (35) . In addition, another data set was collected from a crystal of the W165Y/E166Y/P167G triple mutant containing the M182T stabilizing mutation (36, 37) . The crystallization condition contained 0.1 M HEPES at pH 6.5 and 30% (w/v) PEG 6,000. Data collection and processing was the same as for the W165Y/ E166Y/P167G/L201P mutant. Refinement was performed for several cycles using the REFMAC5 program (38) and manually building the model using the molecular graphics program COOT (39) .
Finally, an S70G mutation was introduced in the W165Y/ E166Y/P167G mutant, and co-crystallization and soaking with ceftazidime were attempted. No crystals with bound substrate were obtained; however, apo-crystals of this mutant grew readily in 240 mM tri-sodium citrate and 25% PEG 4000 (w/v). A 1.39 Å data set was collected, and the structure was solved by molecular replacement using the same methods stated above.
The coordinates for the three structures were deposited in the Protein Data Bank (40) and have the following accession codes: 4RVA, 4RX2, and 4RX3. Superimpositions were done using the SSM procedure (41) , which is part of the COOT program (39) . All structural figures were generated with the UCSF Chimera program (42) .
Modeling of Ceftazidime into the Active Site of W165Y/E166Y/ P167G/L201P-The ceftazidime [CID481173] coordinates were retrieved from the PubChem compound database. The ceftazidime molecule was docked into the crystal structure of TEM-1 W165Y/E166Y/P167G/L201P and wild-type TEM-1 (PDB code 1XPB) using AutoDock Vina (Scripps Institute, La Jolla, CA) (43) . Before docking, the proteins were processed by adding polar hydrogen atoms using AutoDockTools. The Lamarckian genetic algorithm was used to generate possible protein-ligand binding conformations (44) . The receptor (␤-lactamase) was treated as a rigid body, with all possible rotational angles in the substrate. The grid box was centered on the Ser-70 residue with the size (20 ϫ 22 ϫ 28 Å) of the box adjusted to cover the entire catalytic site. Docking was carried out with an exhaustiveness of eight.
RESULTS

Determination of Enzyme Kinetic Parameters-
The TEM-1 ␤-lactamase triple mutant W165Y/E166Y/P167G had been identified previously from a random mutagenesis study of the plasticity of the ⍀-loop region in altering the specificity of the enzyme (21) . The mutant increases resistance to the oxyiminocephalosporin, ceftazidime, compared with E. coli containing the wild-type TEM-1 enzyme. To assess the effects of each con-stituent single substitution, kinetic parameters for hydrolysis of ampicillin, cephalothin, cefotaxime, ceftazidime, and nitrocefin were evaluated for the TEM-1 mutants E166Y, P167G, E166Y/ P167G, and W165Y/E166Y/P167G ( Table 1) .
The kinetic parameters of wild-type TEM-1 are consistent with previous observations (27) and revealed the penicillinase characteristics of the enzyme ( Table 1 ). The oxyimino-cephalosporins, cefotaxime and ceftazidime, were hydrolyzed poorly because of very high K m values (Ͼ1000 M) and low turnover rates resulting in a k cat /K m ratio of 0.004 M Ϫ1 s Ϫ1 for cefotaxime, and 0.0002 M Ϫ1 s Ϫ1 for ceftazidime. This is likely due to the bulky side chains of these drugs that cause steric hindrance in the active site of the enzyme (19) .
The single mutant E166Y displayed significant decreases in catalytic efficiency for ampicillin, nitrocefin, and cephalothin hydrolysis (150-, 125-, and 80-fold) compared with the wildtype enzyme. The E166Y enzyme exhibited substantially reduced K m and k cat (85-and 90-fold) values for cefotaxime hydrolysis compared with wild type, resulting in an unchanged k cat /K m ratio (0.004 M Ϫ1 s Ϫ1 ). In contrast to the other substrates, the catalytic efficiency for ceftazidime hydrolysis was 15-fold higher than that observed with wild-type TEM-1 because of a large decrease in the K m value ( Table 1) .
The P167G single mutant exhibited similar K m values for ampicillin and nitrocefin hydrolysis as wild-type TEM-1. The P167G enzyme, however, displayed a decrease in the k cat /K m ratio (12-fold for ampicillin and 5-fold for nitrocefin), because of significantly reduced k cat values. It is worth noting that P167G exhibited the highest catalytic efficiency for cephalothin hydrolysis (2.7 M Ϫ1 s Ϫ1 ) out of all the enzymes tested, which was four times higher than wild type. Both K m and k cat of P167G for cefotaxime were modestly decreased, resulting in a similar catalytic efficiency for cefotaxime hydrolysis as wild-type TEM-1. The P167G enzyme, however, exhibited increased catalytic efficiency (35-fold) compared with wild type for ceftazidime hydrolysis because of a greatly reduced K m value. Thus, both the E166Y and P167G single substitutions increase catalytic efficiency for ceftazidime hydrolysis by over an order of magnitude by lowering K m .
The double mutant E166Y/P167G and E166Y single mutant exhibited similar kinetic parameters for the hydrolysis of ampicillin, cephalothin, nitrocefin, and cefotaxime (Table 1) . These properties include low k cat and K m values relative to wild-type TEM-1 and indicate that the E166Y substitution dominates the catalytic properties of the E166Y/P167G double mutant for these substrates.
As noted above, both the E166Y and P167G single substitutions result in a greater than 10-fold increase in ceftazidime hydrolysis. If the two mutations were acting independently and additively, one would expect an even larger increase in k cat /K m (525-fold) in the double mutant compared with wild type. Combination of the substitutions into the E166Y/P167G enzyme results in a 13-fold increase in catalytic efficiency relative to E166Y, a 6-fold increase compared with P167G and a 200-fold increase over wild-type TEM-1. Thus, the favorable effects of the single mutants are observed in the double mutant, although the effects are not completely additive. The increased catalytic efficiency for ceftazidime hydrolysis by the double mutant is due to a Ͼ10-fold decrease in K m compared with either of the single mutants and a Ͼ700-fold decrease in K m relative to wild-type TEM-1.
The triple mutant W165Y/E166Y/P167G and the double mutant E166Y/P167G exhibit similar kinetic parameters for hydrolysis of cephalothin, nitrocefin, and cefotaxime (Table 1) . 
0.05 0.004 0.06 0.003 0.08 The addition of the W165Y substitution, however, results in a small (2-fold) increase in turnover and catalytic efficiency for ceftazidime hydrolysis. The W165Y/E166Y/P167G triple mutant exhibits the highest catalytic efficiency for ceftazidime hydrolysis among all the mutants tested with a 400-fold increase in k cat /K m compared with wild-type TEM-1. The initial collection of random mutants was selected for increased ceftazidime resistance, and the high activity of the triple mutant explains why it was isolated in the original mutant selection experiment (21) . The previously identified L201P mutation that has been shown to stabilize TEM-1 ␤-lactamase was used to facilitate enzyme crystallization as described below (26) . The W165Y/ E166Y/P167G/L201P mutant had very similar catalytic effi-ciencies as the W165Y/E166Y/P167G triple mutant for all the substrates tested. Therefore, the L201P mutation does not affect the catalytic profile of the triple mutant. This is consistent with previous results where it was found that the L201P mutation has little effect on TEM-1 catalytic profile (26) .
Overall, the steady-state kinetics of the mutant enzymes demonstrates a shift from the ability to hydrolyze early penicillins and cephalosporins such as ampicillin and cephalothin to more efficient hydrolysis of the oxyimino-cephalosporin ceftazidime. The E166Y substitution dominates the effect of the triple mutant for all substrates except ceftazidime. In the case of ceftazidime hydrolysis, the E166Y and P167G substitutions both contribute significantly to the catalytic efficiency of the triple mutant enzyme.
Characterization of Branched Pathway Kinetics for Ceftazidime Hydrolysis by Mutant Enzymes-It was noticed during the course of the kinetics experiments that ceftazidime hydrolysis by the mutant enzymes, as well as cefotaxime hydrolysis by the E166Y enzyme, followed biphasic progress curves suggesting branched kinetics (45) . Substrate-induced reversible inactivation follows a branched pathway of substrate hydrolysis, in which a reversible, inactive enzyme-substrate complex accumulates with time. This behavior has been previously reported for several ␤-lactamases, particularly with large, bulky ␤-lactam antibiotic substrates (30, 46 -52) . The progress curves of the branched pathway are biphasic and start with an initial phase of substrate hydrolysis followed by a slower, linear, steady-state phase ( Fig. 1) (29) . Progress curves were fitted with Equation 2 (Experimental Procedures), and the values for the branched pathway parameters are listed in Table 2 under conditions of saturating concentrations of ceftazidime. The size of the burst is generally observed to be considerably greater than the con- 2). Saturating concentrations of ceftazidime (ϾV max ) were used (50 M ceftazidime was used except in the case of E166Y and P167G, where 100 M substrate was used because of their higher K m ). The data are compiled from three separate experiments with an S.D. of less than 10%. v i is the initial velocity, v ss is the steady-state velocity, and k is the rate constant representing the change. Presented rates are adjusted for enzyme concentration (1 M enzyme for all mutants except 0.5 M for W165Y/E166Y/P167G). b The burst amplitude is calculated as the ratio of ͓P͔/͓E͔ by extrapolating the progress curve at the steady-state phase to time 0. c ND, not determined. centration of the enzyme. However, a stoichiometric burst can be observed when the deacylation rate is slower than the reactivation rate (51) . Previously, a stoichiometric burst was shown to be due to a branched pathway by adding ammonium sulfate to the reaction, which stabilizes and increases the fraction of active enzyme and leads to increase of the burst size (30, 51) . This method enabled a pre-steady-state burst and branched pathway kinetics to be distinguished. To assess the nature of the burst, the presence of ammonium sulfate in the reaction was tested. The presence of ammonium sulfate increased the size of the burst in all cases (Table 2) , which is indicative of the branched pathway of hydrolysis (30, 51) .
The initial velocity (v i ) from the biphasic curves using varying concentrations of ceftazidime was used to calculate k cat and K m in Table 1 . The burst observed in the first part of the curve is the initial rate where almost the entire enzyme is in the active state. It is the phase in which the reversibly inactivated enzyme is present in negligible amount and therefore can be treated as a single species of active enzyme. When analyzing the progress curves, it is reasonable to compare the parameters calculated from the initial rate with their wild-type counterparts (this corresponds to the 400-fold increase in k cat /K m for the triple mutant compared with wild-type TEM-1). Furthermore, this can be interpreted as a lower limit of the initial rate because the concentration of active enzyme is decreasing over the course of the reaction until it reaches a steady state with the reversibly inactivated form (second part of the curve).
pH Profile of TEM-1 and the W165Y/E166Y/P167G Enzyme-In TEM-1, Glu-166 participates with Lys-73, Lys-234, and a bound water molecule in a catalytic network that activates Ser-70 during acylation and that activates a structural water molecule for attack on the carbonyl carbon of the acyl-enzyme intermediate in the deacylation reaction (13, 14) . Glu-166 is substituted by tyrosine in the W165Y/E166Y/P167G triple mutant, suggesting that Tyr-166 may participate in the mechanism. The tyrosine hydroxyl group would be expected to have a higher pK a than the glutamate carboxyl and have a different pH-dependent effect on the pK a of Lys-73. Tyr-166 participation in the catalytic network would therefore be expected to have a significant effect on the pH dependence of the enzyme. This possibility was tested by examining the pH dependence of the wild-type and triple mutant enzymes for the hydrolysis of nitrocefin ("Experimental Procedures"). There are significant shifts in the pH profiles observed in k cat /K m , k cat , and K m (Fig.  2) . The fitting of k cat /K m , and k cat in the double ionization model (Equation 3) produced a bell-shaped curve only for the wild-type k cat pH profile, which had values for pK 1 ϭ 6.1 Ϯ 0.06 and pK 2 ϭ 8.6 Ϯ 0.05. The other three curves (W165Y/E166Y/ P167G k cat /K m and k cat , and wild-type k cat /K m ) were not bellshaped, and the pK values from these fits were ambiguous. Nevertheless, the curves can be described by the pH value of the peak and the width of the curve (50% of the peak value). Based on this analysis, the pH peak for the k cat of the triple mutant is pH 9.7 with a range of 9.1-10.3. The peak for k cat /K m of the wild type is pH 7.0, and the range is 6.2-7.8, and for the W165Y/ E166Y/P167G triple mutant the pH peak is pH 9.1 with a range of 8.5-9.7. It is not possible to assign an identity to the various ionizing species, and the potential for a different rate-limiting step for the two enzymes makes a specific interpretation difficult. However, it is clear that there is a very significant effect of the substitution on catalytic residues, consistent with Tyr-166 participating in the active site catalytic network. Furthermore, a triple mutant in which Tyr-166 was substituted with phenylalanine was constructed and is catalytically inactive for all substrates. This suggests that the tyrosine hydroxyl group is essential for the function of the triple mutant.
X-ray Crystal Structure Analysis-Previous studies of substitutions in TEM-1 that result in increased hydrolysis of oxyimino-cephalosporins such as ceftazidime indicate that the mutations lead to a widening of the active site to accommodate the bulky side chains of these drugs (19, 20) . To investigate the structural changes resulting from the W165Y/E166Y/P167G mutations and address whether there is an enlargement in the active site of the triple mutant, x-ray crystallography was performed. Attempts to crystallize the W165Y/E166Y/P167G enzyme, however, were not successful.
A differential scanning fluorescence (ThermoFluor) assay was performed on purified wild-type TEM-1 and the triple mutant enzymes to examine their thermal stability. TEM-1 displayed a T m of 55.0°C, whereas the triple mutant was much less stable, with a T m of 46.5°C. Because the W165Y/E166Y/P167G enzyme is less stable than wild-type TEM-1, we reasoned that addition of a stabilizing mutation might facilitate crystallization. The L201P substitution has previously been shown to stabilize TEM-1 ␤-lactamase, and therefore it was introduced into the W165Y/E166Y/P167G triple mutant, and the resulting enzyme exhibited increased stability with a T m of 48.3°C (26) . As noted above, the addition of L201P did not alter the kinetic profile of the W165Y/E166Y/P167G triple mutant ( Table 1 ). The purified W165Y/E166Y/P167G/L201P enzyme was screened for suitable crystallization conditions. The mutant crystallized in the space group P2 1 2 1 2 1 with one molecule in the asymmetric unit, and the structure was determined to 1.44 Å resolution by molecular replacement using the wildtype TEM-1 ␤-lactamase structure as a model (Table 3) ("Experimental Procedures").
With the exception of the ⍀-loop, the W165Y/E166Y/ P167G/L201P mutant structure is very similar to the wild-type TEM-1 structure (PDB code 1XPB) with a root mean square deviation of 0.287 Å for matching C␣ atoms (Fig. 3, A and B) . Compared with wild-type TEM-1, the ⍀-loop of the mutant structure exhibits large positional and conformational changes, resulting in a significant expansion of the active site cavity (Fig.  3, A and C) . The enlarged cavity provides extra space in the active site where the bulky side chain of ceftazidime would be expected to bind and presumably contributes to the much lower K m for ceftazidime hydrolysis observed with the W165Y/ E166Y/P167G triple mutant compared with the wild-type enzyme.
The changes in the ⍀-loop alter the catalytic apparatus of the mutant enzyme in several ways. First, the catalytic water molecule that interacts with Glu-166 in the wild-type structure and participates in the deacylation reaction is missing in the triple mutant structure (Fig. 3A) . However, there is a water molecule hydrogen bonded (2.7 Å) to the Tyr-166 O at a shifted position in the active site. Second, the Asn-170 side chain that coordinates the catalytic water molecule along with Glu-166 in wildtype TEM-1 is shifted away from the active site. The C␣ atom of Asn-170 is shifted by 8.4 Å in the mutant versus wild-type TEM-1. Finally, the hydroxyl group of the Tyr-166 residue in the W165Y/E166Y/P167G/L201P mutant is within hydrogen bond proximity of the Ser-70 O␥ and Lys-73 N atoms, consistent with it participating in catalysis. Tyr-166 adopts two conformations in the crystal structure of the mutant (Fig. 3A) . One of the rotamers points toward Ser-70 as described above, and the other points away from the active site toward the solvent.
Some aspects of the wild-type ⍀-loop structure are preserved in the W165Y/E166Y/P167G/L201P mutant structure. The electrostatic interactions among the charged residues in the ⍀-loop are the same as in wild-type TEM-1 in that Arg-161 participates in an ionic interaction with Asp-163, as does Arg-164 with Glu-171 and Asp-179 and also Arg-178 with Glu-171 and Asp-176 ( Fig. 3B) . However, the unraveling of the loop is apparent in the region of residues 165-170, which results in the large movement of Asn-170 and the creation of the active site cavity to better accommodate the bulky ceftazidime side chain (Fig. 3A) .
There is also evidence of increased flexibility of the triple mutant ⍀-loop region compared with wild-type TEM-1 in that there is a substantial increase of the B-factors for residues 167- It is unlikely that the positions of Tyr-166 and Asn-170 and the flexibility of the ⍀-loop are an artifact of this crystallization condition and the crystal packing of the protein, because another crystallization condition was identified for a triple mutant containing the M182T stabilizing mutation (36, 37) . A 2.32 Å data set was collected with P1 space group containing eight molecules per asymmetric unit ( Table 3 ). The root mean square deviation of the two structures is 0.332 Å. After several refinement cycles, the position of the ⍀-loop showed very little density for the 168 -174 residue region, consistent with increased flexibility as observed in the temperature factors of the 1.44 Å structure. The electron density for Tyr-166 is observed clearly, however, and shows a single conformation pointing toward Ser-70. The alternative conformation of Tyr-166 that points toward the solvent was not observed. This further supports the hydrogen bond proximity of Tyr-166 to Ser-70. Additionally, a third structure of the triple mutant, this time containing an S70G substitution, was solved at a 1.39 Å resolution. The crystallization conditions and space group are the same as the L201P triple mutant structure (Table 3 ). This structure exhibits clear density in the ⍀-loop and shows the highest similarity with the L201P triple mutant structure with a root mean square deviation of 0.175 Å. It is worth noting that only in the structure of the triple mutant containing L201P does Tyr-166 adopt two alternative conformations. An alignment of the C␣ atoms of the three structures is shown in Fig. 5 .
Docking of Ceftazidime into the Active Site of the W165Y/ E166Y/P167G/L201P Structure-To assess the interactions between ceftazidime and the triple mutant, co-crystallization was attempted with the S70G/W165Y/E166Y/P167G mutant in which the catalytic Ser-70 residue was converted to glycine to avoid turnover of the substrate. Crystals of the complex, however, could not be obtained. As an alternative, substrate docking of ceftazidime was performed using Autodock Vina (43) . The protein structures used for docking were wild-type TEM-1 (PDB code 1XPB) and TEM-1 W165Y/E166Y/P167G/L201P. The same constraints were used for all the docking experiments. Each docking round gave nine possible conformations, ranked from highest to lowest affinity. The highest ranked conformations for ceftazidime in the wild-type and mutant structures are discussed below.
In the triple mutant structure, the substrate is predicted to adopt a conformation where the imino side chain with the two methyl groups and the carboxylic acid moiety are accommodated by the cavity in the active site that is formed by the movement of the ⍀-loop (Fig. 6) . In wild-type TEM-1, this conformation would not be allowed because of the narrower active site constrained by the position of the ⍀-loop. Residues Pro-167 and Asn-170 in the wild-type ⍀-loop would sterically clash with the two methyl groups and the carboxylic acid moiety of ceftazidime if it were to adopt the conformation bound to the triple mutant. Instead, the docked structure has the thiazole ring flipped and the oxyimino region with its two methyl groups and the carboxylic acid point into the solvent. It is noteworthy that the orientation of the oxyimino-containing 7␤ side chain of ceftazidime in the wild-type docked structure is similar to that in a ceftazidime acyl-enzyme structure obtained previously by energy minimization modeling (19) . This shallower binding would leave the ceftazidime exposed to the solvent and could contribute to the much higher K m of TEM-1 compared with W165Y/E166Y/P167G. The finding that the oxyanion hole formed by the main chain nitrogens of residues 70 and 237 hydrogen bonded to the carbonyl oxygen of the ␤-lactam ring of ceftazidime is present in both of the docked structures supports the accuracy of the docking experiment.
DISCUSSION
The TEM-1 triple mutant, W165Y/E166Y/P167G, in which the conserved catalytic Glu-166 residue is substituted by tyrosine, is a functional enzyme. The k cat /K m value of this enzyme for ceftazidime hydrolysis is increased by 400-fold compared 1XPB) (dark cyan) . The corresponding ␤-lactamase structures are shown above the temperature factor curves. On the left in dark cyan is TEM-1, and on the right is W165Y/E166Y/ P167G/L201P in salmon. The ⍀-loop is outlined in the black boxes. The peak in the temperature factor curve corresponds to an increase in the B-factors of residues 167-172 in W165Y/E166Y/P167G/L201P. The numbering follows the conventional numbering for class A ␤-lactamases. with wild-type TEM-1 ␤-lactamase. Coincident with improved ceftazidime hydrolysis, the triple mutant exhibits greatly reduced hydrolysis of penicillins and early cephalosporins, which are excellent substrates for the wild-type enzyme.
Over 200 TEM variants (extended spectrum ␤-lactamases) with increased activity toward oxyimino-cephalosporins or reduced susceptibility to inhibitors have been identified from clinical isolates of bacteria (8 -10) . Substitutions in the ⍀-loop are often associated with increased catalysis of extended spectrum ␤-lactam hydrolysis. For example, R164S is an ⍀-loop substitution that is commonly found among extended spectrum ␤-lactamase variants that exhibit increased catalytic efficiency for oxyimino-cephalosporin hydrolysis. The R164S substitution increases catalytic efficiency for ceftazidime hydrolysis by ϳ100-fold and for cefotaxime by 10-fold (19, 53, 54) . In addition, the substitution results in an ϳ10and 100fold decrease in k cat /K m for benzylpenicillin and ampicillin hydrolysis, respectively (19, 53, 54) . In comparison, the W165Y/ E166Y/P167G mutant exhibits a 400-fold increase in ceftazidime hydrolysis, no change in k cat /K m for cefotaxime hydrolysis, and a 500-fold decrease in efficiency for ampicillin hydrolysis. Therefore, the change in substrate profile, with greatly increased ceftazidime activity, modest or no increase in cefotaxime catalysis, and a decrease in penicillin hydrolysis, is similar between the R164S extended spectrum ␤-lactamase mutation and the triple mutant, although the extent of the change is different.
Arg-164 is at the base of the ⍀-loop and stabilizes the loop through ionic interactions with Glu-171 and Asp-179 (11, 55) . The x-ray structure of the TEM-64 (E104K/R164S/M182T) variant has been solved in the presence of a boronic acid inhibitor (20) . The structure shows that the short helical region containing Asn-170 unwinds and the Asn-170 C␣ group moves by 4.5 Å, and the side chain flips conformation by 180° (20) . These changes create a cavity in the active site that allows additional space for the bulky ceftazidime side chain (20) . The authors also note that the enlarged site may be less optimal for the smaller side chains of penicillins, which fit optimally in the wild-type active site. A comparison of the conformation change of the ⍀-loop in TEM-64 versus the triple mutant reveals Asn-170 is moved out of the active site in both; however, the ⍀-loop conformation in the triple mutant is more drastically altered, and the cavity created is larger (Fig. 7) . This could explain the greater catalytic efficiency of the triple mutant versus the R164S mutant enzyme for ceftazidime hydrolysis and the greater decrease in ampicillin hydrolysis by the triple mutant compared with R164S.
The E166Y substitution results in increased ceftazidime hydrolysis as well as greatly decreased ampicillin hydrolysis, and when combined with P167G, these effects are magnified ( Table 1 ). The E166Y substitution in TEM-1 has been studied previously with respect to substrate specificity, pre-steady-state kinetics, and enzyme structure (18, 56) . The results presented here are consistent with previous observations in that k cat /K m is decreased for penicillins and increased for ceftazidime hydrolysis. Previous pre-steady-state kinetics results also indicate that the E166Y mutant exhibits decreased hydrolysis of ben-zylpenicillin because of a greatly reduced rate of deacylation compared with wild-type TEM-1 (56) .
The x-ray structure of E166Y revealed an enlargement of the active site because of movement of omega loop residues 167-170 by 0.2-1.0 Å (56). Of note, the C␣ of Asn-170 is displaced by 0.5 Å, and the side chain moves by 1.0 Å in the E166Y structure (56) . However, in contrast to the W165Y/E166Y/P167G structures, the main chain of the ⍀-loop of the E166Y mutant retains a similar conformation as wild type. In addition, a rigid body movement of residues 85-142 creates additional space in the active site of the E166Y enzyme (56) . The rigid body movement of residues 85-142 is not observed in the W165Y/E166Y/ P167G structures. The fact that the TEM-1 E166Y structure does not display a large conformational change in the ⍀-loop suggests that the addition of the P167G substitution to E166Y facilitates the conformational change observed in the W165Y/ E166Y/P167G triple mutant. The Glu-166 -Pro-167 peptide bond is cis in TEM-1, which contributes to the positioning of the Asn-170 region of the ⍀-loop (11, 55, 57) . Mutation of proline to glycine at position 167 allows a much wider range of dihedral angles, which likely contributes to the observed drastic change in ⍀-loop conformation in the W165Y/E166Y/P167G structures.
Saturation-mutagenesis studies of the TEM-1 Glu-166 position have shown that mutations at this position, in addition to E166Y, can lead to increased ceftazidime resistance in E. coli (22, 58) . Antunes et al. (58) showed that a TEM-1 E166R variant that also contains the M182T stabilizing substitution increases ceftazidime resistance by a covalent trapping mechanism. Stopped flow kinetics studies indicated that the rate of acylation (k 2 ) of ceftazidime by the E166R/M182T enzyme is 16-fold faster than that catalyzed by wild-type TEM-1. However, deacylation (k 3 ) was not detectable over a period of 20 h (58). Based on the concentration of E166R/M182T in the periplasm and known relationships between bacterial sensitivity to antibiotics and the production of ␤-lactamases, simulations showed that covalent trapping of ceftazidime as an acyl-enzyme could explain the observed ceftazidime resistance levels in E. coli (58) . In contrast, enzyme kinetics analysis indicates the W165Y/E166Y/P167G triple mutant does not trap the substrate as an acyl-enzyme but rather hydrolyzes it via a branched pathway of substrate-induced reversible inactivation.
The TEM-1 W165Y/E166Y/P167G triple mutant is substantially less stable than wild-type TEM-1 with an 8.4°C decrease in thermal stability. The large change in conformation observed in the ⍀-loop in the triple mutant is therefore associated with a substantial loss in enzyme stability. This is not surprising because there are many changes in packing and hydrogen bonding interactions in the triple mutant compared with the wild-type enzyme. The low T m may also explain why crystallization of the triple mutant enzyme was unsuccessful and why only after addition of the L201P stabilizing mutation were crystals obtained.
The pH rate profile and the crystal structure of the triple mutant indicate an altered catalytic apparatus. The optimal pH for the catalytic efficiency of the triple mutant enzyme is 9.1, which is two pH units higher than that for wild-type TEM-1. The increase in the pH optimum and the lack of detectable activity of the triple mutant in which Tyr-166 is substituted with Phe suggest that Tyr-166 participates in the catalytic mechanism. The inactivity of the Phe-166 mutant also supports a catalytic role for the tyrosine hydroxyl group, perhaps substituting mechanistically for Glu-166. The W165Y/E166Y/P167G crystal structures show that Tyr-166 is oriented toward and within hydrogen bond distance (3.1 Å) of the catalytic serine. Lys-73 and Lys-234 are also nearby so that Tyr-166 could participate in the activation of Ser-70 in the acylation step and/or the activation of water in the deacylation reaction. Wild-type TEM-1 contains a structural water that is positioned to bridge Glu-166 with Ser-70 and to serve as the nucleophile for deacylation (7) . There is a water molecule within hydrogen bond distance (2.7 Å) from the Tyr-166 O in the triple mutant. This water is 4.3 Å from the Ser-70 O␥; however, upon acylation, it may be positioned appropriately with the carbonyl carbon of the acyl-enzyme for nucleophilic attack.
The proposed mechanism of hydrolysis by the triple mutant resembles the mechanism for class C ␤-lactamases (5). In the active site of class C ␤-lactamases, the residue analogous to Glu-166 of class A is Tyr-150 (59, 60) . The Tyr-150 residue is in proximity of two lysine residues that perturb the pK a of the hydroxyl of Tyr-150 and allow abstraction of a proton from the catalytic serine for nucleophilic attack on the ␤-lactam ring and formation of the acyl-enzyme complex (61) . The covalent acylenzyme complex is then resolved by a catalytic water molecule activated by Tyr-150 (5) . Therefore, the TEM-1 triple mutant has active site characteristics of both class A and C ␤-lactamases as previously noted for the TEM-1 E166Y enzyme (18) .
Amino acid substitutions can result in a large movement of the polypeptide chain and a change of enzyme function. In the case of MutB trehalulose synthase, a sucrose isomerase from Rhizobium sp. that converts sucrose to trehalulose, a single substitution, R284C, causes a drastic conformational change resulting in an enlargement of the active site (62) . The absence of the arginine in the R284C mutant disrupts several ionic interactions and subsequently leads to widening of the catalytic pocket. Additionally, this allows additional solvent molecules in the active site and reorganizes the hydrogen bond network of the enzyme. Ultimately, these changes lead to altered function and convert the sucrose isomerase into a more efficient sucrose hydrolase. Similarly, the triple mutant ␤-lactamase undergoes a large conformation change that alters catalytic function and substrate specificity.
The structural changes associated with the triple mutant reveal a remarkable robustness of the ␤-lactamase fold to allow large local conformational changes and yet maintain the overall folded enzyme. The substitutions associated with the triple mutant unravel a section of the ⍀-loop to create a large cavity in the active site, and yet the enzyme remains stable enough to function. These findings suggest enzymes, or at least ␤-lactamases, possess a robust fold to allow extensive sampling of amino acid sequence space, which, coupled with selective pressure, can result in modified substrate specificity or new catalytic functions.
